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• Axion models and general searches


• Problems in axion-meson interactions


• Consistency of the interaction model


• Wess-Zumino-Witten interactions of QCD


• Wess-Zumino-Witten interactions of Axions in 3 flavor


• Summary



The Strong CP problem

3

ℒ ⊃ −
θg2

s

32π2
GG̃ − (ūLMuuR + d̄LMddR + h . c . )

θ̄ = θ + arg [det [MuMd]]

• CP violating phase  ~ 1.2 radianθCP

• QCD induced CP violating phase, θ̄

•  is invariant under quark chiral rotation 


• According to neutron EDM experiment

θ̄

θ̄ ≲ 1.3 × 10−10 radian

• The CKM matrix from Mu,d

dn
EDM ∼ θ̄ × 10−16 e cm

dn
exp < 10−26 e cm

A total derivative, but is  
allowed by non-trivial QCD vacuum

为什么实验没看到该类CP破坏？



The Peccei-Quinn solution to Strong CP problem

• Experiment requires 


• PQ: promote the constant  to a dynamical field, a(x)


• Introduce a global PQ-symmetry , anomalous under 
the QCD


•  , cancels 


• Vafa-Witten theorem: vector-like theory (QCD) has ground 
state 

θ̄ = θ + arg [det [MuMd]] ≲ 10−1rad

θ̄

U(1)PQ

a → a + κfa ⇒ 𝒮 → 𝒮 +
κ

32π2 ∫ d4xGG̃ θ̄

⟨θ̄⟩ = 0
4
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PQWW Axion
• In 1978, Weinberg and Wilzeck realize there is an light particle

5

Axion!!!

• It can wash out the unwanted strong CP phase


• QCD axion : ; Neutrino Seesaw: 


•  Light particles can probe high scale physics!

m2
a f2

a ≈ Λ4
QCD mνmNR

≈ (yvh)2
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PQWW Axion
• PQWW axion assumes breaking scale 


• Axion mass from , and the coupling strength is large 



• PQWW axion is quickly ruled out by 


• Lab constraints: , , and 


• Astrophysical constraints: Red giant and Supernovae


• (Invisible) QCD axion: the leading axion models are KSVZ/DFSZ model with 

fa ∼ vEW

100 keV ∼ 1 MeV
1/fa

K± → π± + a J/Ψ → γ + a Υ → γ + a

fa ≫ vEW

6
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The axion effective Lagrangian at quark-level

8

ℒeff,0 = q̄0(iDμγμ−mq,0)q0 +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gag,0
a
fa

GG̃ + gaγ,0
a
fa

FF̃ +
∂μa
fa

(q̄LkL,0γμqL + q̄RkR,0γμqR + …)

• A more detailed effective Lagrangian

• Quark mass  diagonal and realmq,0

• Coupling to both left/right fermions  and kL,0 kR,0

Bauer et al, PRL 127 (2021), 081803 
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The axion-dependent chiral rotation

9

q0(x) = exp [−i(δq,0 + κq,0γ5)cgg
a(x)

fa ] q(x)

• Use an axion-dependent chiral rotation to eliminate  termaGG̃

• New effective Lagrangian

ℒeff = q̄(iDμγμ−mq(a))q +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gaγ
a
fa

FF̃ +
∂μa
fa

(q̄LkL(a)γμqL + q̄RkR(a)γμqR + …)

Tr(κq,0) = 1

Bauer et al, PRL 127 (2021), 081803 
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The axion-dependent chiral rotation

10

θL ≡ δq,0 − κq,0

θR ≡ δq,0 + κq,0

• Define the chiral rotations (2-flavor for simplicity)

• The relations between parameters

mq(a) = U†
Lm0UR →

mu,0e
−2iκu,0cgg

a
fa 0

0 md,0e
−2iκd,0cgg

a
fa

kL(a) = U†
L[kL,0 + cggθL,0]UL → kL,0 + cggθL,0

kR(a) = U†
R[kR,0 + cggθR,0]UR → kR,0 + cggθR,0

UL ≡ exp [−iθLa/fa]
UR ≡ exp [−iθRa/fa]

gaγ = gaγ0
− 2NccggTr [Q2κq,0]

Anomalous axion contribution
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The consistent ChPT axion Lagrangian at meson level

• ChPT Lagrangian matching

11

ℒeff = q̄(iDμγμ−mq(a))q +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gaγ
a
fa

FF̃ +
∂μa
fa

(q̄LkL(a)γμqL + q̄RkR(a)γμqR + …)

ℒχPT =
f2
π

8 [(DμU)(DμU)†] +
f2
π

4
B0Tr [mq(a)U† + h . c . ] +

1
2

(∂μa)(∂μa) −
m2

a,0

2
a2+gaγ

a
fa

FF̃

DμU → DμU − i
∂μa
fa

(kLU − UkR)

U = exp[( 2i/fπ)πaτa]

• The axion derivative coupling Bauer et al, PRL 127 (2021), 081803 
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The importance of consistency
• The physical results should be independent of auxiliary 

parameters

12

q0(x) = exp [−i(δq,0 + κq,0γ5)cgg
a(x)

fa ] q(x)

• The most important channel BR( ) is off by a factor of 37 for 35 yearsK → πa
H. Georgi, D. B. Kaplan and L. Randall, Phys. Lett. B 169, 73-78 (1986)

• Model-independent expression for  and  have 
been obtained for all axion couplings, only in 2021

K → πa π− → e−ν̄ea

Bauer et al, PRL 127 (2021), 081803 
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Why accurate interactions are important?
• Prediction for thermal axion and 

its near future test by CMB 
observation


• Thermal axion production (high 
T): 


• QCD phase transition:


• Improved axion-pion scattering 
production:  

qq̄ → ga, qg → qa

ππ ↔ πa
13

Ferreira, Notari PRL 120 (2018)191301

D’Eramo, Hajkarim, Yun PRL 128 (2022)152001

Notari, Rompineve, Villladoro PRL 131 (2023)011004

QCD axion: ma < 0.24 eV
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Wess-Zumino-Witten Interactions in QCD
• WZW terms can describe anomalies in QCD, ensuring gauge invariance and 

completing chiral L


• Low-energy dynamics of mesons: 
e.g. multiple mesons and photons interactions  

, ,  


• Axion should be involved in WZW interactions systematically,  
not only in  interactions


• Raised by Harvey Hill Hill in [PRL 99 (2007) 261601], but not solved in 
previous study

π0/η/η′￼ → γγ η′￼ → 4π γ* → 3π,5π

a − γ − γ

14
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Challenges in axion-meson interactions

• 1. Physics should not depend on the choice of chiral basis  


• 2. How to systematically include axion interactions into WZW 
terms  


• 3. Global symmetry (e.g. PQ, U(1)B) will induce mixed anomaly 
to be dealt with

15
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Global currents and background vector fields 
• Background fields can couple to currents of 


• Baryon currents U(1)B in neutron star,  meson 


• Z boson vector in neutrino dense environment


• SM gauge invariance needs counter terms

ℒχPT

ω

17

∂μj5
μ

A

A

δ∂μj5
μ ∝ ϵμνρσAμνBρσ

A
∂μj5

μ

B
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WZW counter terms for global symmetry
• Generic WZW interactions with counter terms


• Vector fields in 1-form:   
Similar to Hidden Local Symmetry

𝒜L/R ≡ 𝔸L/R + 𝔹L/R

18

ℒfull
WZW(U, 𝒜L/R) = ℒWZW(U, 𝒜L, 𝒜R) + ℒc(𝔸L/R, 𝔹L/R)

• Counter terms ensures SM invariance

Γc = − 2𝒞∫ Tr[(𝔸Ld𝔸L + d𝔸L𝔸L)𝔹L +
1
2

𝔸L(𝔹Ld𝔹L + d𝔹L𝔹L) −
3
2

i𝔸3
L𝔹L −

3
4

i𝔸L𝔹L𝔸L𝔹L −
i
2

𝔸L𝔹3
L] − (L ↔ R)

• Suitable for chiral gauge fields and background fields

J. A. Harvey, C. T. Hill, and R. J. Hill,  
PRL 99 (2007) 261601,  
PRD 77(2008) 085017
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Axion treatment in three flavor

• 


• Hints from quark-level L: 


• Hints from ChPT L: 

Dμ = ∂μ − ig(ALPL + ARPR)

Dμ → Dμ + i
∂μa
fa

(kLPL + kRPR)

DμU → DμU − i
∂μa
fa

(kLU − UkR)

19
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Pseudoscalars in three flavor

20

• U matrix for mesons in three flavor

•  η’ mass from instanton effect 
Axionized  

Lagrangian:
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Axion treatment in three flavor
• Vector fields in 1-form:   

Similar to Hidden Local Symmetry


• Axion 1-form field can be added into background fields: 


• 3-flavor ChPT with SM gauge bosons and background fields

𝒜L/R ≡ 𝔸L/R + 𝔹L/R

𝔹L/R → 𝔹L/R + kL/R,0
da
fa

21
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The consistent full axion Lagrangian at low-energy

• ChPT:


• Full WZW: 


• Full :ℒ

22

ℒfull
WZW(U, 𝒜L/R) = ℒWZW(U, 𝒜L, 𝒜R) + ℒc(𝔸L/R, 𝔹L/R)

ℒfull
axion ≡ [ℒχPT + ℒfull

WZW] (U, mq(a), 𝒜L/R + kL/R(a)da/fa)
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Matching between  and ℒeff ℒfull
axion

23

• Important: consistency for any  rotationκq
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Gerard 't Hooft UV-IR anomaly matching condition

24

δℒano
a = − δ [ℒWZW + ℒc](θL, θR) = δℒano

WZW

• The anomalies of global symmetries must match between the ultraviolet 
(UV) and infrared (IR) descriptions of a QFT

Gerard ’t Hooft

Anomaly 
Matching
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Consistent physical amplitudes
• A consistent Lagrangian will give physical amplitudes 

independent of auxiliary rotations


• Full WZW interactions are important for a-A-B amplitudes

25

a aa π0

γγγ

γ/ω/ρ0/Zω/ρ0/Z γ/ω/ρ0/Z

ℒfull
WZW ℒano

χPT

(a) (b) (c)
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Pseudoscalar mixing in three flavor

26

• Mass/flavor 
eigenstates

• Mixing angles
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a aa π0

γγγ

γ/ω/ρ0/Zω/ρ0/Z γ/ω/ρ0/Z

ℒfull
WZW ℒano

χPT

(a) (b) (c)

Consistent physical amplitudes for a − γ − ω
• Auxiliary rotations are cancelled

27
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Consistent physical amplitudes for a − γ − ω
• 3-flavor results

28

mη, mη′￼
→ ∞ • 2-flavor results

ceff
ωγ = eg′￼{

−cgg

8π2f
−

3
8π2f [ m2

a

m2
π − m2

a ( cu − cd

2 ) + cgg
mu − md

mu + md

m2
π

m2
a − m2

π ] +
1

16π2f
(cd + cQ − 2cu)}
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Utilities 1: calculating decay width

29
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Utilities 1: calculating decay width
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Utilities 1: calculating decay width
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Utilities 1: calculating decay width
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https://github.com/nun3366/Axion-WZW-3

ℒeff,0 = q̄0(iDμγμ−mq,0)q0 +
1
2

(∂μa)(∂μa) −
m2

a,0

2
a2

+gag,0
a
fa

GG̃ + gaγ,0
a
fa

FF̃ +
∂μa
fa

(q̄LkL,0γμqL + q̄RkR,0γμqR + …)
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Utilities 2: explain other’s HLS formalism
• A weird “shift pion” method in Hidden Local Symmetry Lagrangian

33

P =

Maksym Ovchynnikov, Andrii Zaporozhchenko, 2501.04525

Why?

Baker-Campbell-Hausdorff  
formula
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Utilities 2: explain other’s HLS formalism
• Vector meson interaction from HLS

34
Maksym Ovchynnikov, Andrii Zaporozhchenko, 2501.04525

Why?

• With the replacement
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Utilities 2: explain other’s HLS formalism
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q basis q’ basis

ChPT Lag in q > q’ basis  
+ 

HLS Lag in q > q’ ->(use formula 
on the left to go back) q basis

Maksym Ovchynnikov, Andrii Zaporozhchenko, 2501.04525
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Utilities 2: explain other’s HLS formalism
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q basis q’ basis

ChPT Lagrangian in q’ basis 
+ 

HLS Lagrangian in q basis

Maksym Ovchynnikov, Andrii Zaporozhchenko, 2501.04525

• A simple form for gluon interactions, but the 
origin of minus sign not explained


• HLS with only 4 counter terms (max 11 
terms)


• Work with vector mesons
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Utilities 3: change the interpretation of ALP exp 

37
Maksym Ovchynnikov, Andrii Zaporozhchenko, 2501.04525

• Updated consistent axion partial widths changes exp results
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Utilities 4: searches at low energy ee collider 

38

γγ 3π ρ0*(ππ)γ

0.3 0.4 0.510-4

10-3

10-2

10-1

100

ma[GeV]

B
r(a


X)

10-2 10-1 100
10-1

100

101

102

103

e+ e-  ω a (γγ)
(this work)

BESIII

STCF

Beam
Dump

N
A
62

E949 K +
 π +

γγ

J /ψ  γ a (γγ)

STCF
(disp.)

• Production 


• Prompt decay: 


• Displaced decay of 

e+e− → γ*(J/Ψ) → ωa

a → γγ

a BR(J/ψ → ωa)
BR(J/ψ → ee)

=
m2

J/ψ

32πα
ceff

ωγ(q2 = m2
J/ψ)

2

(1 −
(ma + mω)2

m2
J/ψ ) (1 −

(ma − mω)2

m2
J/ψ )

3
2



Jia Liu

Summary
• A full chiral axion Lagrangian for axion and pseudoscalar/vector mesons


• 


• 1. Wess-Zumino-Witten counter term is included for gauge invariance


• 2. t’Hooft UV-IR anomaly matching is achieved


• 3. Consistent physical amplitudes without auxiliary rotation parameters


• Three light quarks scheme: consistent treatment with η’ 


• 4. Demonstrates two ways of resolving  are consistent. Work for any ch-rotation.


• Important for Axion/ALP searches via mesons.


• All calculation machinery provided as Mathematica code in GitHub.

ℒfull
axion ≡ [ℒχPT + ℒfull

WZW] (U, mq(a), 𝒜L/R + kL/R(a)da/fa)

aGG̃

39

Thank you!
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